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CHAPTER 1. GENERAL INTRODUCTION 
Introduction 
Irradiation has excellent potential to improve meat safety and extend shelf life. 
It is well known that irradiation can eliminate salmonella and trichinae in pork 
products. Irradiation, in the presence of 02, generates oxidizing substances such as 
peroxides, which may promote oxidation of fat and pigments (Urbain, 1986). 
Lots of studies had reported irradiation causes quality changes of meat 
products. In 1969, Champagne and Nawar reported irradiation at doses higher than 
1.0 kGy may adversely affect the quality of fresh meats, with development of off-
odors and off-flavors due to lipid oxidation depending on irradiation temperature 
and/or atmosphere. • 
Nawar (1986) reported that when pork is exposed to irradiation, direct and 
indirect actions can cause splitting of the covalent bonds in lipid molecules to 
produce radicals. Many papers mention about irradiation-induced lipid oxidation and 
have shown that dose, packaging atmosphere, storage time and temperature are all-
important factors when measuring TBARS (thiobarbituric acid reactive substances) 
value (Champagne and Nawar, 1969; Lynch, 1991; Gray et al., 1994; Olson, 1998; 
Andrews et al., 1998). Research has proven that the irradiation dose levels 
permitted by Food and Drug Administration (FDA) are known to alter the color of 
fresh meat (FDA, 1986). For irradiated food packaging also, packaging under 
vacuum, and at low temperatures, have been suggested as ways to reduce the 
number of oxygen radicals formed during irradiation (CAST, 1986). Results from 
reported literature concerning irradiation-induced sensory changes are variable. The 
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variations may be related to changes occurring during post-irradiation storage 
(Murano et al. 1998). Irradiation of raw meat causes the development of an off-odor 
compared with the non-irradiated control (Lefebvre et al., 1994; Lynch et al., 1991). 
Recent outbreaks of food-borne infections involving meat products have 
caused consumer concern about food safety. Consumer awareness of possible 
contamination with pathogens has increased. When combined with good 
manufacturing practices, irradiation can help assure the safety of meat products. 
Typically there is no threat of contamination in whole muscle products, other than on 
the surface. However, when pork loins are further processed into chops the surfaces 
may become contaminated. The use of low-dose irradiation could provide a measure 
of safety as well as an extension of shelf life. 
The objective of this study was to determine the effects of electron beam 
irradiation-induced changes on microorganisms and quality characteristics of 
different qualities (PSE, Normal, and DFD) pork chops. Those chops were stored in 
coolers at 4°C for six weeks. Every two weeks, measurements were taken to. 
determine any irradiation-induced changes in color, microbial counts, pH, exudate, 
and lipid oxidation. 
Thesis organization 
The manuscript was prepared following the Journal of Food Science Style 
Guide for research papers and this thesis was organized as a general introduction, a 
general literature review, one manuscript prepared for publication and general 
conclusions. The manuscript entitled "Effects of Low-Dose Irradiation and storage 
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time on Pork Chops of Varying Quality'' consists of an Abstract, Introduction, 
Materials and Methods, Results and Discussion, Conclusions, References and 
Acknowledgements. Co-authors for the manuscript consist of Dr. Dennis Olson and 
Dr. Aubrey Mendonca. 
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CHAPTER 2. LITERATURE REVIEW 
Food irradiation 
The development of artificial refrigeration made a big revolution in the meat 
industry. The use of artificial refrigeration not only allowed the movement of bulk 
quantities of produce and meat but also increased food safety and reduced 
foodbome illness {Stewart and Amerine, 1973). The cold temperatures limited the 
growth of microorganisms and allowed meat to be stored for several days or weeks. 
Food preservation techniques such as fermentation, smoking, drying, salting, 
freezing and cooking became more sophisticated with the .domestication of animals 
and the development of agricultural skills {WHO, 1994). 
Microorganisms such as Salmonella, Listeria, E.coli O157:H? and 
Campylobacter are just a few of the pathogens that need to be considered. 
The most recent food preservation technique to be developed is the use of ionizing 
radiation {Olson, 1995). Food irradiation has improved the microbial safety and 
shelf-life of meats (CAST, 1986). Foods may be pasteurized to reduce or eliminate 
pathogens, or they may be sterilized to eliminate all microorganisms except for some 
viruses (Crawford and Ruff, 1996; IFT, 1983). 
Scientists have compiled an enormous body of data regarding the effects of 
ionizing radiation on different foods under various conditions of irradiation. Vacuum-
packaged pork loins irradiated at 1.0 kGy resulted in minimal sensory changes, with 
no detectable differences between irradiated and control samples after 14 days of 
refrigerated storage (Mattison et al., 1986). Lebepe et al. (1990) reported pork loins 
irradiated under vacuum at 3 kGy exhibited an ex.tension in their shelf life during 
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refrigeration of more than 90 days, compared with 41 days for nonirradiated loins. 
The use of irradiation offers versatility as well as safety and increased shelf life of 
fresh meat. However, the process of applying ionizing radiation tends to induce 
significant color changes in fresh meat. Increase in lipid oxidation is also observed in 
fresh meats treated with ionizing radiation. 
Consumer acceptance tends to increase when consumers are provided with 
information about specific advantages of the radiation process (CAST, 1996). 
Consumer education seems to be required for acceptance of food irradiation, 
because consumers purchasing irradiated ground beef increased from 51.5 to 
70.9% after educational intervention (AMIF, 1993). 
History of irradiation 
Food irradiation has been studied for more than 100 years, which is more 
than any food technology, before being widely adopted. As a method of food 
preservation, irradiation had been explored as early as 1905 by the British and was 
proposed by the United States Department of Agriculture (USDA) in 1916 as a 
method of eradicating tobacco beetles from cigars (WHO, 1994; Satin, 1996). In 
1921, Schwartz obtained an U.S. patent for using X-rays to eliminate Trichinella 
spiralis in pork (Schwartz, 1921; Goresline, 1982; Diehl, 1995). In 1943, Proctor 
carried out the sterilization of hamburger at Massachusetts Institute of Technology 
(MIT) under a Quartermaster Contract (Goresline, 1982). In 1955, the Army Medical 
Department began to assess the safety of types of foods commonly irradiated in the 
US diet. The first products approved by the FDA were wheat and white potatoes in 
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the 1960s. In 1965, the Office of the Surgeon General and the Army Quartermaster 
Corps concluded that foods irradiated with doses up to 56 kGy were safe for human 
consumption (Diehl, 1995; Olson, 1995; Dempster, 1985; Radomyski et al., 1994). 
In 1969, a joint expert committee was formed and consisted of 
representatives from the International Atomic Energy Agency (IAEA), the World 
Health Organization (WHO), and the United Nations' Food and Agriculture 
Organization (FAQ). The International Project in the Field of Food Irradiation (IFIP) · 
was organized by 23 countries in 1971 · and was sponsored by the Joint 
IAEA/WHO/FAO Expert Committee (Satin, 1996). In the early 1970s, the National 
Aeronautics and Space Administration adopted irradiation process to sterilize meats 
for astronauts to consume in space, and this practice continues today. In 1980, the 
Joint IAEA/WHO/FAO Expert Committee on Wholesomeness of Irradiated Food 
concluded, based on all the data available, any food commodity treated with ionizing 
radiation was safe and wholesome up to an average dose of 10 kGy (Radomyski et 
al., 1994; WHO, 1981). 
During the 1980s, FDA approved petitions for irradiation of spices and 
seasonings, pork, fresh fruits, and dry or dehydrated substances. Poultry received 
approval in 1990. Currently, petitions for seafood, ground beef, and eggs are 
pending approval. Worldwide, 38 countries permit irradiation of food, and more than 
28 billion lb of food is irradiated annually in Europe. The United States has 40 
licensed irradiation facilities; most are used to sterilize medical and pharmaceutical 
supplies, but 16 also irradiate spices for wholesale use, and several others to 
irradiate foods. Food irradiation has an impressive list of national and international 
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endorsements: ADA, American Council on Science and Health, American Medical 
Association, Council for Agricultural Science and Technology, International Atomic 
Energy Agency, Institute of Food Technologists, Scientific Committee of the 
European Union, United Nations Food and Agricultural Organization (FAQ), and the 
World Health Organization (WHO). In 1992, Food Technology Services (previously 
Vindicator) became the first food irradiato"r to be commissioned for operation in the 
U.S. (Marcotte, 1992). 
Iowa State University built the first pilot food irradiation facility, an electron 
beam/X-ray facility for research, which began operating in 1993. On July 25, 1996, 
FSIS published a final rule that requires every meat and poultry establishment to 
develop and implement HACCP; a science-based process control system designed 
to improve the safety of meat and poultry products. Under this final rule, meat and 
poultry establishments are responsible for developing and implementing HACCP 
plans incorporating the controls determined by the establishment to be necessary 
and appropriate to produce safe products. 
In food industry, when irradiation is used properly can increase food safety 
and shelf life because products are irradiated after packaging and this technology 
ensures microorganisms, which cause food-borne illness or food spoilage would not 
be present in the products. But irradiation is not an all-encompassing solution to the 
problem of microbial contamination. Due to this, irradiation, when combined with 
HACCP, which can prevent and control hazards inherent in food products to make 
foods safe. 
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Consumer acceptance 
In a survey conducted by Shin et al. (1992), consumers were willing to pay up 
to $0.81 per meal to avoid food-borne illness. Resurreccion et al. (1995) found that 
45% of consumers are willing to buy irradiated food that was properly labeled, 19% 
would not buy irradiated foods, and the others were undecided. 
Resurreccion et al. (1995) found results indicating that between 38% and 42% of the 
consumers that would purchase irradiated food were willing to pay 1 % to 5% more, 
and over 10% would pay up to 10% more than they pay now. Hashim et al., (1995) 
reported that a significant proportion of consumers are willing to pay a higher price 
than what they are currently paying for nonirradiated product. 
Radiation chemistry and meat quality 
PSE and DFD meat 
Greaser (1986) reported that pale, soft, exudative (PSE) muscle tissue is a 
condition that occurs in pork and turkey, and to a lesser extent in beef, in which 
accelerated postmortem glycolysis decreases the muscle pH to its ultimate level 
while the muscle temperature is still high. Also they indicated the development of a 
pale color, soft texture, and exudate of fluids from the muscle characterize the 
condition occurring in 5 to 20% of pig carcasses. The occurrence of PSE meat is 
directly related to porcine stress syndrome, in which animals may die as a result of 
mild stress, or to a malignant hyperthermia, in which death may be caused by 
exposure to a certain anesthetic (Greaser, 1986). There is a debate over whether 
PSE meats spoil more slowly than meat with normal pH. 
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Muscles with pH>6.0 will appear darker than normal red meat. This is due to 
a higher respiration rate, which reduces the level of visible oxymyoglobin. The 
resulting condition, called DFD muscle, occurs most often in beef but can also occur 
in pigs and other meat animals. Many researchers studied for bacterial growth base 
on different quality meat. In 1976, Rey et al. reported that the rate of bacterial growth 
was higher for DFD beef and slower for PSE pork, suggesting that pH affects the 
growth of spoilage microorganisms under various conditions. Gill (1983) concluded 
that even though an ultimate pH of 5.1 or below has been reported for PSE pork, 
there is little difference in the ultimate pH and chemical composition of PSE and 
normal meat. Since the concentrations of low-molecular-weight soluble compounds 
are likely similar in PSE and normal meat, the development and characteristics of 
spoilage would likely be similar (Gill, 1983). DFD meat has a higher ultimate pH 
resulting from lower lactic acid content, such tissue is also deficient in glucogen and 
glycolytic intermediates. 
The green discoloration observed in DFD meat results from the production of 
hydrogen sulfide from cysteine or gluatthione by S. ptrefaciens, reacting with 
myoglobin in the muscle tissue to form sulphmyoglobin, a green pigment. S. 
· ptrefaciens does not contribute to greening even though it produces small quantities 
of hydrogen sulfide. 
Mechanism of radiation chemistry 
Ionizing radiation has sufficient energy to remove orbital electrons from the 
atoms when it passes through the medium (meat). When a primary electron collide 
11 
with an electron in the medium, energy is transferred to the electron in the medium, 
which cause secondary electrons to be ejected and generate a charged radical. 
When water is irradiated, several highly reactive radiolytic products are formed. The 
overall reaction occurs: 
H2O + ionizing energy .OH+ e-eq + .H + H2 + H202 + H30+ 
This reaction is mainly responsible for a majority of the secondary effects, 
primarily the .OH (hydroxyl radical), .H (hydrogen radical), and e-eq (hydrated 
electron). These reactive species formed from ionized water can combine to form 
stable molecules or cause further ionization of other molecules. In the presence of 
oxygen, radiolysed products of water may contact with oxygen to form a variety of 
radical compounds, such as •HO2, •02-. At high dose level, irradiation can break the 
hydrogen bonds and other linkages of protein resulting in deamination. At medium 
dose level, the three dimensional structure of protein can be denatured. 
The presence or absence of oxygen also influences radiolytic processes. 
Nawar (1983) reported that ionizing radiation of food in the presence of oxygen 
accelerates the autoxidative process due to one or more of the following reactions: 
formation of free radicals which can combine with oxygen, breakdown of 
hydroperoxides, and destruction of antioxidants. Produced free radicals can readily · 
induce lipid oxidation. The radiolytic products after irradiation are very important for 
food quality. Several books provide more detailed discussions of radiation chemistry 
with references to the large number of original research studies, particularly in the 
area of food irradiation (Elias and Cohen, 1983). The amounts of radiolytic products 
generated in a particular food have been shown to be directly proportional to the 
12 
radiation dose. From data of the studies they found at high radiation doses to draw 
conclusions regarding the amounts of radiolytic products expected to be generated · 
at lower doses (Merritt, 1972). So the irradiation condition is one of most important 
factors in understanding the radiation chemistry. 
Other factors affecting these radiolytic products are the chemical composition 
of the food itself, the physical state of.the food (e.g., the solid or frozen versus the 
liquid or nonfrozen state), and the ambient atmosphere (air, reduced oxygen, 
vacuum, etc.). If all other conditions, including dose and ambient atmosphere, are 
the same the radiation chemistry of food is also strongly influenced by the physical 
state of the food. The extent of chemical change that occurs in a particular food in 
the frozen state is less than the change that occurs in the same food in the 
nonfrozen state (Diehl, 1995). Because of their reduced mobility, these free radicals 
tend to recombine to form the original substance rather than to diffuse.through the 
food to react with other components of the food matrix and thereby form different 
substances (Merritt, 1978; Taub, 1979). 
Dosimetry 
FSIS requires that any establishment irradiating meat food products have in 
place a dosimetry system. Dosimetry is the process of measuring an absorbed dose 
of radiation. 
The general application and dose of foods treated with irradiation have been 
divided into three categories (Satin, 1996; Olson, 1995; Urbain, 1986): 
(1) Low dose, <1 kGy 
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-Sprout inhibition 
-Delay of ripening 
· -Insect disinfestation 
(2) Medium dose, 1-10 kGy 
-Reduction of spoilage microorganisms 
-Reduction of non-spore-forming pathogens 
-Delay of ripening 
(3) High dose, 10-50kGy 
-Sterilization 
The absorbed dose has the units of energy per unit mass and in the International 
System of Units has been given the special unit gray (Gy) (Sharpe, 1990). One gray 
is equal to one joule per kilogram (1 J/kg) and the most common unit of measure·· 
used for food irradiation is the kilograys (kGy). The rate at which energy is absorbed 
per unit of time is called dose rate. Different irradiation sources require different 
exposed time to achieve the targeted dose. For example, using gamma radiation will 
require a longer period of time to deliver the targeted dose, whereas, it would take 
only a matter of minutes in an electron accelerator facility (Diehl, 1995). 
Irradiation and microorganism 
Mechanism of microorganism reduction 
y- Irradiation is known to destroy pathogenic bacteria and parasites such as 
trichinae spirallis (Dempster, 1985). Ionizing radiation can cause a variety of physical 
and biochemical effects in microorganisms. For a vast majority of microorganisms, 
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the primary critical target for free radicals is deoxyribonucleic acid (DNA) (Silverman, 
1983; Josephson, 1983; Andrews et al., 1998). The irradiation-induced damage to 
DNA can occur by both direct and indirect effects. As a direct result of absorber 
compounds acquiring energy through interaction with radiation, primary chemical 
reactions occur within a food system (Urbain, 1986; Andrews et al., 1998): The free 
radicals generated from both direct and indirect reactions are chemically very active 
constituents that can form a variety of different compounds. Reactive species of free 
radicals cause irradiation-induced damage to biological systems by attacking 
molecules within a cell (DNA) or through oxidation of cell walls. The hydroxyl radical 
was formed during irradiation is a very strong oxidizing agent. It can extract a 
hydrogen atom from DNA (Andrews et al., 1998) and this mechanism causes 
chromosomal damage from the breaking of chemical bonds in the DNA molecule 
then the microorganism is no longer active because of its inability to replicate, 
transport and metabolize nutrients, and grow (Murano, 1995a; Grecz et al., 1983). 
Effects of ionizing radiation on microorganisms 
Surface microbial contamination is the major cause of spoilage taints in raw 
meat, and the main sources of such contamination are soil and feces that 
accompany the livestock into the slaughterhouse. Fresh muscle tissue is a highly 
favorable environment for microbial growth and, as a result, is subject to rapid 
spoilage unless modified or stored in an environment designed to retard microbial 
activity and reproduction. The aw of lean muscle tissue of red meats is 0.99 with a 
corresponding water content of 7 4 to 80%. The protein content may vary from 15 to 
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22% on a wet weight basis. The lipid content of intact red meats varies form 2.5 to 
3.7%; carbohydrate composition ranges from Oto 1.2%. 
So the usable water content of fresh muscle tissue is high, and readily available 
glycogen, peptides, and amino acids, as well as metal ions and soluble phosphorus 
contribute to the suitability of muscle tissue as a substrate to support microbial 
growth. 
Some researchers reported Brochothrix thermosphacta is a common 
microbial contaminant of raw meat (Dainty and Hibbard, 1980, 1983) and Ehioba et 
al. (1987) showed that irradiation of vacuum-packed ground pork greatly reduced the 
number of mesophilic, psychrotrophic, and anaerobic and aerobic facultative 
bacteria. 
Oxidation is one known to occur after irradiation, but other changes can occur 
in irradiated meat. Like lipids, protein damage due to irradiation is catalyzed by free 
radicals formed by the radiolysis of water. The spoilage characteristics of normal-pH 
meat stored in vacuum package are quite different from those of aerobically stored 
meat (Dainty andMackey, 1992). 
According to the federal centers for Disease Control and Prevention (CDC) 
(the agency with primary responsibility for monitoring foodborne disease in the U.S.)· 
estimates that between 6.5 and 81 million case of foodborne disease occur each 
year. In 1993, the U.S. Department of Agriculture (USDA) calculated that the cost of 
medical treatment and lost productivity related to foodborne illnesses from seven of 
the most harmful bacteria that might have been as high as $9.4 billion. Foodborne 
illnesses attributed to salmonella, campylbacter, Listeria monocytogenes and 
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Escherichia coli 0.157:H? from meat and poultry have become major concerns for 
public safety in the United States. It was estimated that the total cost of foodborne 
illnesses (both parasitic and bacterial) attributable to meat and poultry products is 
$3,880 to $4,330 million annually. 
Microorganisms that can cause food taints are bacteria (including 
actinomycetes and cyanobacteria), fungi and yeasts, and orily the physical 
environment and chemical composition of the foodstuff they infect usually limit their 
growth in a food. The most important physical properties that will affect their growth 
are water activity (aw), pH, temperature and atmospheric composition under which 
the food is stored. 
Since Proctor and his associates at MIT (1943) reported the first work on 
hamburger meat preservation using x-rays in 1943, utilization of ionizing radiation 
has offered a possible method of preservation in which the natural character of foods 
might be maintained for reasonably longer period of time without much change. The 
use of high-energy beta or gamma ray irradiation seemed to be one of the most 
promising methods for so-called "cold sterilization" of fresh meat and poultry. 
Trichinella spiralis in fresh pork in the United States, destruction of parasites by 
irradiation has been suggested as an alternative method for ensuring consumer 
safety. 
D-Values and microorganisms 
A measurement of effectiveness and efficiency of a processing application is 
referred to as the D-value (D10), or decimal reduction. In the case of radiation 
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processing, the D-value measures the dose needed to reduce the designated 
microbial population by 90%, 1 log. The D10 value is calculated from the linear 
portion of the bacteria survival plot and is mathematically shown as: 
log (N/No) = - (1/D10) D 
or 
D10 = D/logNo - logN 
Where No is the initial number of organisms present, N is the number after 
irradiation, D is the dose, D10 is the decimal reduction dose, and the slope of the 
survival curve is -1 /D10 (Diehl, 1990; Andrews et al., 1998; Urbain, 1986). 
Usteria monocytogenes, a psychrotrophic foodborne pathogen responsible 
for outbreaks involving refrigerated dairy products, is also found in fresh meats. Its 
D10 value- or dose required to decrease the population of cells by one log10 - ranges 
from 0.4 to 0.6 kGy (Radomyski et al., 1994). Post-irradiation storage conditions can 
affect the survival and recovery of certain microorganisms and he reported the 
survivability and recovery of any microorganisms, especially psychrophilic 
pathogens, thatmay still be present after irradiation is reduced when placed into 
frozen storage rather than refrigeration storage (Radomyski et al., 1994). 
Also Radomyski (1994) reported that most pathogenic organisms which were 
tested are found in fresh meats at levels below 100 cell/g, and that most have D10 
values lower than Listeria, this dose would be sufficient to render the product safe 
from Salmonella, Yersinia, Campylobacter, and Escherichia coli 0157:H7. Gram-
negative bacteria are more sensitive than gram-positive bacteria because of 
differences in cell wall density and enzymatic repair mechanisms (Andrews et al., 
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1998; Murray, 1990). Irradiation at low doses virtually eliminates Gram-negative 
microorganisms, but has a much smaller effect on Gram-positive lactic acid-
producing microorganisms (Olson, 1998; Niemand et al., 1983; Thayer et al., 1993; 
Lambert et al., 1992a; Dempster, 1985) . 
. Urbain (1986) reported, in the presence of oxygen, the effectiveness of 
radiation damaging processes is increased, thus, lowering the D-values. The free 
radicals produced during radiation interact with oxygen to create peroxides and this 
leads to further reactions with microorganisms and ultimately inactivation (Diehl, 
1995). 
Spoilage microorganism and irradiation 
Organisms that are not pathogenic but are responsible for spoiling fresh 
meats by producing off-odors, off-flavors, as well as compounds that degrade foods, 
are also affected by irradiation. Microbial spoilage in aerobically refrigerated fresh 
meats is predominantly caused by Gram-negative psychrotrophs. Some of the more 
common bacteria in this category include Pseudomonas, Acinetobacter, 
Psychrobacter, Moraxella, and Staphylococcus spp. with Pseudomonas and 
Acinetobacter generally predominating the spoilage flora ( Garcia-Lopez et al., 1998; 
Cassens, 1994). In fact, most spoilage bacteria, as well as yeast and molds are 
easily reduced by pasteurization doses. Complete sterilization does not occur due 
to the large number of such organisms in most fresh foods of animal origin, and 
because some organisms are sporeformers, which makes them very resistant to 
processing in general. Niemand et al., (1981) reported, a significant change from 
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predominantly Gram-negative to predominantly Gram-positive bacteria occurred in 
anaerobically packaged beef cuts after receiving an irradiation dose of 2.0 kGy. In a 
study (1998) conducted at Iowa State University, total aerobic counts in pork chops 
irradiated at 2.2 kGy were below detectable levels, and remained below 1. O 10910, 
even after exposing the product to stimulated temperature abuse at 27°C. 
Packaging under vacuum and microorganism 
Packaging under vacuum provides meat products with prolonged shelf life, 
which is widely used in meat industry. But vacuum packages also provide a very 
good anaerobic condition for bacteria to grow. Many studies have reported that the 
anaerobic bacteria cause food spoilage. Gill (1976) reported that maximum 
· populations of spoilage microorganisms under anaerobic conditions are determined 
by the rate of diffusion of fermentable substrates, such as glucose and arginine, from 
underlying tissues'. It is not until the maximum density of microflora is reached that 
obvious spoilage slowly develops. Lactic acid bacteria dominate the spoilage 
m icroflora of muscle foods when oxygen is excluded from the storage environment. 
If the pH of the muscle tissue is high or residual amounts of oxygen are present, 
other microorganisms such as B. thermosphacta and S. putrefaciens may make 
substantial contributions to product spoilage. The growth rate of bacteria under 
anaerobic conditions is considerably reduced compared with growth under aerobic 
conditions. In addition, the maximum cell density achieved under anaerobic 
20 
conditions (about 108 CFU/cm2) is considerably less than that achieved under 
aerobic conditions (> 1 o9 CFU/cm2) (Gill, 1982). 
Irradiation of vacuum-packed fresh bellies with a dose of 0.44 Mrad (ca. 4.1 
kGy) of gamma rays delayed spoilage at 5°C from 4 to more than 20 weeks (Thayer 
and Boyd, 1993). With pork loins irradiated using 3.0 kGy, microbiological shelf life 
was more than doubled to >91 days from 41 days for nonirradiated controls at 2 to 
4°C (FDA, 1997). Mattison et al. (1989) reported that irradiation of pork loins with 
100 krad (1 kGy) reduced numbers of mesophiles, psychrotrophs, anaerobic 
bacteria, and staphylococci. Similar results were reported by Ehioba et al. (1988). 
Thayer et al. ( 1993) reported that when fresh ground pork was irradiated with 
0.57 to 7.25 kGy of gamma rays at 2°C, no CFU were ~bserved in plate counts of 
any sample that received a radiation dose <1.91 kGy, even after refrigerated storage 
for up to 35 days. 
The possibility of unimpeded growth of pathogenic microorganisms in the 
event of temperature abuse during handing, because of the reduction of spoilage 
bacteria after irradiation, has been suggested with implications for public safety. 
Such concern brought the initial decision by the Food Safety Inspection Service 
(FSIS) to not approve commercialization of irradiated vacuum-packaged pork. 
The possibility of pathogen growth was studied by Lebepe et al. (1990). They 
reported that when vacuum-packaged boneless pork loins were irradiated with 3.0 
kGy and stored at 2 to 4°C, the process ensured less spoilage bacteria and products 
which were nearly free of viable pathogenic bacteria. 
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Under vacuum and oxygen-depleted atmospheres of N2 or CO2, the 
anaerobic conditions prevent all growth of the pseudomonads. On muscle and in 
exudate of pH < 5.8, anaerobic growth of the facultatively anaerobic enterobacteria 
and B. thermosphacta are totally inhibited (Grau, 1980; 1981). The threshold dose 
for the detection of slight irradiation flavor in vacuum packaged pork has been 
reported to be 175 krad (1.75 kGy) (Lambert and Maxcy, 1984). Thayer and Boyd 
(1993) also reported that the peroxide value remained very low after irradiation and 
free fatty acid values showed no difference because of irradiation. 
pH and microorganisms 
The growth of most microorganisms is optimal at near pH 7 and grow well 
between pH 5 and pH 8 while others favor an acidic environment (Wilhelm, 1998). 
Several studies have reported varying results with different bacteria (vegetative cells 
and spores) and the effects of pH. 
In some muscle with DFD characteristics and all fat tissue that is not bathed 
in exudate, the available glucose can support only for small populations. On these 
kinds of tissues, the pseudomonads utilize amino acids when their numbers are low. 
Irradiation with 1 kGy did not affect cooking losses or TBA values (Taub, et al. 1979; 
Fox, et al. 1989). With a dose of 3.0 kGy, no differences in TBA values or pH could 
be attributed to irradiation. 
For pork, an irradiation dose of up to 1 kGy may be used for ensuring safety 
from trichinae with no odor or color problems. With pork, irradiation dose of as low 
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as 1 kGy can prolong the shelf life and retard the growth of pathogens at 
refrigeration temperatures. 
Effects of irradiation on meat quality 
Past work has focused on the reduction of spoilage microorganisms and 
pathogens, whereas more recent research has put emphasis on the sensory qual.ity 
of fresh meat and poultry (Lee et al., 1995). Many researchers have studied the 
color changes, both desirable and undesirable, that occur in meat and poultry 
products due to the irradiation process (Ahn, 1998b; Shahidi et al., 1991; Lebepe et 
al., 1990; Lynch et al., 1991; Niemand et al., 1983). Also lipid oxidation is another 
important quality concern. Color change and lipid oxidation are two important 
problems related to meat products after irradiation. Irradiation-induced changes to 
various meat quality characteristics are influenced by many factors, involved but 
some of their relationship is still unknown. 
Myoglobin and meat quality / color and lipid oxidation 
Myoglobin and hemoglobin have generally been considered to be the 
catalysts of lipid oxidation in meat (Tappel, 1952, 1962). In 1970, Liu and Watts 
proposed that non-heme as well as heme iron could promote lipid oxidation in meat 
products. Other studies also found that non-heme iron plays a major role in 
accelerating lipid oxidation in cooked meat (Lin and Hultin, 1976; Player and Hultin, 
1977; Slabyj and Hultin, 1983; Rhee et al., 1996). 
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Vacuum packaging can be considered as a special case of oxygen-depleted 
atmosphere packaging in which the volume of the pack atmosphere approximates 
zero. If a gas impermeable film is used for vacuum packaging, the meat is 
effectively removed from exposure to oxygen at the time of packaging. There can 
then be no formation of metmyoglobin as far as the capacity of the metmyoglobin 
reduction activity allows (Hood, 1982). Thus, vacuum packaged meat in a gas-
impermeable film will indefinitely retain its ability to bloom to a fresh color for a 
considerable time .. 
With package into which oxygen is permeating slowly, muscle tissue acts as 
an oxygen scavenger, to maintain a very low oxygen tension at the meat surface. 
Discoloration of the muscle will develop while the rate of metmyoglobin formation is 
less than the rate of metmyoglobin reduction. However, metmyoglobin reduction 
activity will decay and exhaust with time. After which, metmyoglobin will slowly 
accumulate to discolor muscle tissue surfaces. Before that, the pigment present in 
pockets of exudate, which tend to form in vacuum package, can oxidize and 
precipitate onto meat surfaces to discolor them (Jeremiah et al., 1992). The time, 
before such events produce deterioration of the meat appearance, will obviously 
vary with the oxygen transmission rate of the packaging film and the oxygen 
scavenging capabilities of the enclosed meat. However, film of the type widely used 
for vacuum packaging, has an oxygen transmission rate of about 40 cc/m2/24/atm at 
25°C and 70% RH, and muscle of relatively high metmyoglobin reduction activity, 
such as beef striploin, deterioration of the meat appearance can be delayed for 12 
weeks or more (Newton and Rigg, 1979). 
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That initial discoloration presents no practical problem for meat, which must 
be stored for periods longer than a few days. Provided the amount of residual o2 
was not excessive, the discoloration will resolve in 2 to 4 days. When meat in 
vacuum or oxygen-depleted atmosphere packages is stored for very long periods, 
deterioration of the appearance of fat tissue and cut bone surfaces may become of 
practical importance. With prolonged storage, fat tissue is infiltrated with muscle 
pigment, which imparts initially bright pink tones to the tissue on exposure to air after 
the rigorous exclusion of oxygen, but which will dull and discolor the tissue after 
relatively short times in air or in package into which oxygen infiltrates (Bell et al., 
1998). 
Myoglobin combines with oxygen to form bright red oxymyoglobin. 
Oxymyoglobin is synonymous with freshness and is considered attractive by the 
consumer. Continued contact of myoglobin and oxymyoglobin with oxygen leads to 
the formation of metmyoglobin, the oxidized form of myoglobin, which is brown and 
unattractive. Metmyoglobin initially forms in a layer underneath the surface arid 
spreads outward. When pigment on the meat surface is comprised roughly 20 
percent of metmyoglobin, consumer purchases of meat decrease by a factor of two 
(Renerre 1990). Metmyoglobin accumulation is affected by environmental factors 
such as temperature, relative humidity, light, oxygen partial pressure, and microbial 
load. In addition, factors inherent to muscles (e.g., pH, lipid oxidation, metmyoglobin 
reduction, reducing equivalents, and oxygen consumption rate) affect metmyoglobin 
formation. 
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Also X-ray caused Mb to be oxidized to metMb, and the protein ring and 
I 
protein parts were destroyed (Barron and Johnson, 1956). Rate of oxygen 
consumption and rate of metmyoglobin reduction are primarily responsible for color 
stability. Madhavi and Carpenter (1993) demonstrated that meat color stability is 
greatly affected by the amount of meat surface area exposed to oxygen. Knife-cut 
steaks had a more stable color for a longer period of time than did ground muscle. 
Myoglobin oxidation is also directly tied to lipid oxidation in meat. As lipid 
oxidation increases, an increase in metmyoglobin content occurs. Furthermore, 
bacterial contamination of meats can cause undesirable discoloration. However, 
certain environmental bacteria (e.g., Chromobacterium vilaceum and Kurthia sp.) 
I 
can effectively convert metmyoglobin to the more desirable red forms (Arihara et al. 
1993). 
Color change due to irradiation 
The color of meat is one of the most important factors affecting consumers' 
I 
acceptability. There are so many factors that influence color change such as 
species, pH, and irradiation. The status of myoglobin, which is the main reason for 
the color of meat, is changed by various conditions surrounding the meat. The 
variation in color intensity of meat between animals of different species is caused by 
I 
differing concentration of myoglobin present in their muscle tissue. In 1977, Smith 
found muscle lactic acid concentration level to be high (pH=5.6, normal) in pork 
muscle, that appears pink color, the level to be very high (pH=5.1, PSE) in pork 
I 
muscle color that appears pale, soft, and exudative and the level to be low (pH=6.3-
I 
I 
I 
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6.7, DFD) in pork muscle color that appears purple. PSE meat is paler because the 
low pH causes the muscle structure (fibrils) to "open" and scatter light (Walters, 
1975). The myoglobin fraction is also more readily oxidized to metmyoglobin, which 
has a low color intensity, as a result of the low pH (Walter, 1975). Even though 
irradiation can be successfully used for decreasing microbiological putrefaction 
during the storage, it also could be a factor in changing of meat color. 
Shahidi et al. (1991) proposed that irradiation might increase the reducing 
I 
potential of sodium ascorbate and reduce denatured metmyoglobin. Irradiation 
increased the redness of pork dorsi muscle, but decreased redness in those of 
I 
psoas and femoris muscles in vacuum packaging (Ahn et al., 1998a). Irradiation 
increased the redness of pork femoris, semitendinosus, and semimembranosus 
muscles in vacuum packaging. The reflectance spectra of irradiated meats 
packaged in vacuum were similar to those of oxyMb, and the spectra of non-
irradiated meat were similar to those of deoxyMb. It was called oxyMb-like pigment 
(Nanke et al., 1998). 
Several researchers have studied the effect of irradiation on the color of meat. 
Paul et al. (1990) showed that freshly ground mutton irradiated at 2.5 kGy had better 
color than unirradiated samples. Millar et al. (1995) reported that the "a" value 
increased in chicken breast as a result of5.0 kGy of ionizing irradiation. Irradiation of 
vacuum-packaged pork chops produced a redder and more stable color product 
(Luchsinger et al., 1996). These increases of redness after irradiation mainly have 
I 
resulted in vacuum conditions. 
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Tappel (1957) noted that when precooked meat was irradiated, the normal 
gray.:brown hematin pigments were converted to uncharacteristic red pigments. He 
I 
also postulated that this bright red pigment might be oxymyoglobin formed by 
metmyoglobin reacting with hydroxyl radicals in the irradiated solution. Irradiated 
I 
I 
pork and turkey became redder in an anaerobic condition, and their reflectance 
I 
I 
spectra showed that irradiation may induce an oxymyoglobin-like pigment in pork 
(Nanke et al., 1999). 
But there is little detailed information available on the identification of the 
i 
irradiated color pigment. It should not be considered as an oxymyoglobin-like 
pigment because the red color formed by !irradiation has been partially produced in 
anaerobic states. Satterlee et al. (1971) also reported that the presence of air slightly 
I 
inhibited the formation of the red color in meat. Finding the mechanism of color 
change in irradiated meat may be of importance in devising method to control this 
irradiated color, which could be undesirable for consumer. 
The change in spectral absorption showed that metMb was converted to 
oxyMb by irradiation. It was suggested that metMb reacts with large amounts of 
hydrogen peroxides (Tappel, 1956). Green pigment was formed during gamma-
irradiation. The reason could be that hydorsulfide was produced from glutathione or 
thiol-containing compounds. Satterlee et al. (1971) also suggested that the cause of 
. I 
formation of the red pigment by irradiation might be the loss of amide nitrogen from 
the protein. Thomas (1999) said that nitric oxide radical could be generated by from 
arginine as an oxidative stress. 
I 
I 
I 
I 
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Irradiation caused beef pigment extracts to be changed to oxyMb-like 
. pigment. When irradiated water was mixed with metMb, the color of the solution 
became red (Bernofsky et al., 1959). Red 1pigment was produced by gamma-
irradiation, but the red color had an absorption spectrum similar to oxyMb. (Satterlee 
et al., 1971 ). FerrylMb was produced from irradiated metMb. 
The color and flavor of meat and meat products were affected by the factors 
such as packaging materials, storage conditions, exposure to light and presence of 
I 
salt (Andersen et al., 1989; 1990). Radiation can cause some color changes in meat 
and these changes are influenced by the packaging environment. Grant and 
I 
Patterson (1991) observed discoloration in pork irradiated in the presence of oxygen. 
So, the presence of oxygen can cause discoloration after irradiation. In order to 
prevent the discoloration many methods have been used for meat product such as 
vacuum and modified atmosphere packaging. Extensive research has been 
I 
conducted to reduce or prevent the color change in irradiated meat. Studies found 
I 
brown discoloration may result from irradiF3tion in the presence of oxygen (Lefebvre 
et al., 1994; Urbain, 1986; Lambert et al.,.1992b). Vacuum-packaged meat after 
irradiation can develop a very stable brighter red or pinkish color in pork, beef, and 
turkey breasts (Lynch et al., 1991; Lebepe et al., 1990; Niemand et al., 1983). 
Color changes can be measured by using a tristimulus system such as the 
CIE system. The system use three measurements: "L" (Lightness), "a" 
(redness/greenness) and "b" (yellowness/blueness) to describe color when 
instrumental techniques su~ as the Hunter Color Difference Meter is used. In 1976, 
CIE L*a"b* color system was used to represent human sensitivity to color perception 
I 
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I 
more closely than the traditional CIE system. So in this study CIE L *a*b* system was 
used to describe color. 
Gill ( 1986)· reported that fat tissue which is dull and /or discolored, and 
darkened cut bone surfaces can detract from the overall appearance of a cut when 
the muscle tissue appears attractive, but good appearance of fat and bone cannot 
compensate for a degraded appearance of the muscle tissue. But meat properties 
such as fat content and different quality meat will influence the color measurement 
after irradiation. 
Jo et al. (1999b) found irradiation had no effect on Hunter L-values of 
sausages both with aerobic and vacuum packaging but pork sausages with high fat 
content produced lighter L-values than low-fat sausages. For a-values he found 
there were no difference between irradiated and nonirradiated sausages within a 
same backfat treatment after on~-week storage. 
. I 
Vacuum packaging are widely used in meat products. Vacuum packaging can 
be considered as a special case of oxygen-depleted atmosphere packaging in which 
the volume of the pack atmosphere approximates zero. If a good barrier film is used 
I 
for vacuum packaging oxygen was effectively removed from meat at the time of 
packaging. So then can be no formation of metmyoglobin during storage so this 
vacuum packaged meat will indefinitely re~ain its ability to bloom to a fresh color. 
Chemically reduced myoglobin is the purple pigment associated with deep, non-
exposed muscle and of meat stored under vacuum. Irradiation reduced Hunter b-, 
value of vacuum-packaged sausages but had no effect on Hunter b-values of the 
aerobic-packaged product (Jo et al., 1~9~b). In 1996 Zhao et al. found that irradiated 
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vacuum-packaged pork samples had lower "L" values and high "a" values while 
those irradiated samples with aerobic packaging had higher "L" values and lower "a" 
values, overall, "b" values increased. He also found that non-irradiated vacuum-
packaged pork samples had lower "L" values than irradiated pork samples. 
Irradiation increased the redness of dorsi of pork, but decreased those of psoas and 
femoris in vacuum packaging (Ahn et al., 1998). Irradiation increased the redness of 
femoris, senitendinosus, and semimembranosus of pork in vacuum packaging 
(Nanke ek al., 1998). Shahidi et al. (1991) proposed that irradiation might increase 
the reducing potential of sodium ascorbate and reduce denatured metmyoglobin. 
Lipid oxidation / irradiation effects 
Pork and domestic fowl have greater amounts of polyunsaturated fatty acids 
I 
when compared with beef and lamb. So, pork and poultry fat are physically softer, 
I 
have lower melting points, and are more susceptible to oxidation (Cross et al., 
1987). Lipid oxidation is one of the primary mechanisms in the deterioration of meat 
quality (Kanner, 1994). Because lipid oxidation is a problem in meat, considerable 
research has been devoted to identifying the catalysts of lipid oxidation and to find 
methods to prevent or decrease lipid oxidation. 
Oxidation of unsaturated fatty acids has been proposed to occur via a free-
1 
radical chain mechanism involving three stages, which are (1) initiation, the 
I 
I 
formation of lipid radicals; (2) propagation, the free-radical chain reactions; and (3) 
! 
terminations, the formation of nonradical products (Uri, 1961; Lundberg, 1962). 
The mechanisms for initiation, propagation and termination are as follows: 
I 
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Initiation (I): RH + HO• R• + H2O 
Propagation (II): R• + 02 ROO• 
I 
ROO• + RH j ROOH + R• 
Termination (Ill): ROO• + ROO• inert product 
ROO• + R• inert product 
It is initiated when a labile hydrogen atom is abstracted from a site on the fatty 
acyl chain (RH) to form fatty acyl radical (R•), which reacts rapidly with oxygen to 
form a peroxyl radical (ROO• ). The peroxyl radical propagates the chain reaction by 
abstracting a hydrogen atom from another hydrocarbon chain, yielding a 
hydroperoxide (ROOH) and a new free radical which can also propagate the chain 
I 
reaction (Halliwell and Gutteridge, 1989). The complex process of lipid oxidation 
I 
involved the reaction of unsaturated lipids with oxygen to yield lipid hydroperoxides; 
degradation of the lipid hydroperoxides yield a variety of products including alkanals, 
alkenals, hydroxyalkenals, kentones, alkanes, etc. (Mead, 1976; Porter, 1984; 
Slater, 1984, Ladikos and Lougovois, 1990). One important product is 
malonaldehyde, which is used to determine the extent of exudate section on 
termination. 
Irradiation may cause the formation of free radicals, such as hydroxyl radical, 
which can react with other unsaturated compounds forming flavor molecules. 
Several studies (Gray, 1978; DeMan, 1980; Hamilton, 1998) have found 
hydroperoxides to be the major compounds produced from the primary reaction of 
I 
fatty acids with oxygen. They are then broken down, in a secondary reaction, into 
I 
I 
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other compounds, which are responsible for the production of off-flavors. Further 
I 
breakdown of hydroperoxides produced by the peroxidation of lipids in meat system 
produces compounds, such as acids, alcohols, aldehydes, carbonyls, ketones, 
hydrocarbons and furans that deteriorate the flavor of the meat products (Kanner, 
1994; Woods and Pikaev, 1994; Nawar, 1985). Mattison et al. (1986) found that 
I 
there was no significant difference in TBARS (thiobarbituric acid reactive 
substances) values, between irradiated (137Cs) at 1 kGy and non-irradiated, 
vacuum-packaged pork loins, after 14 days of storage at 4°C. She observed that raw 
meat TBA values were low, for all samples. Not only oxygen surrounding food but 
also oxygen within food product, have a potential of being affected by irradiation, 
causing oxidation and finally producing off-flavors and discoloration (Lee et al., 
1996). Heath et al. (1990) determined that chicken thighs were affected by electron 
I 
beam irradiation at 3 kGy giving significantly higher (p<0.05) TBA values as opposed 
to non-irradiated thighs and thighs irradiated at 1 and 2 kGy and stored for 8 and 4 
I 
days, at 4°C. Zhao et al. (1996) reported that while TBA values of all samples 
significantly (P<0.05) increased due to irradiation at 1 kGy, it was not until after two 
weeks in storage that TBA values reach the threshold level suggested by Mattison et 
al. (1986). Ehioba et al. (1987) found that irradiation at 1 kGy did not increase TBA 
values significantly (P>0.05) for ground pork samples, although the TBA values for 
irradiated ground pork samples were higher than non-irradiated samples, after being 
I 
stored at 5°C for 9 days; these TBA values did not reach the threshold values of 1.0 
suggested by Mattison et al. ( 1986). 
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CHAPTER 3. EFFECTS OF LOW-DOSE IRRADIATION AND STORAGE TIME ON 
PORKS CHOPS OF VARYING QUALITY 
A paper to be submitted to the Journal of Food Science 
Chia-Hung Hsieh 1 • 2, Dennis G. Olson3 and Aubrey Mendonca4 
ABSTRACT 
The effects of low-dose irradiation (electron beam), at dose levels of 3.0 and 
5 kGy, and storage time Oto six weeks on physicochemical and microbial 
characteristics of different qualities (pale soft exudative, dark firm dry and Normal) 
vacuum-packed pork chops were determined and compared to nonirradiated 
controls. Populations of five bacterial groups (mesophiles, psychrotrophs, 
Enterobacteriaceae, lactobacilli, anaerobes and facultative anaerobes) were 
measured in the study. Aerobic mesophilic, psychrotrophic, Enterobacteriaceae, and 
anaerobic and facultative microorganisms 
Key Words: irradiation, pork chop, PSE, DFD, vacuum-package, lipid oxidation, 
color, pH, exudate 
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survived at higher numbers in unirradiated DFD samples than in PSE and normal. 
Most bacteria in this study were reduced to undetectable levels by 5kGy irradiation 
dose. Higher doses can efficiently kill bacteria to extend the shelf-life. For lipid 
oxidation, the TSARS (thiobarbituric acid reactive substances) values were affected 
by meat quality, irradiation dose and storage time. Pork quality affected CIE L *, b* 
and a*. PSE pork chops had higher L * values than DFD and normal chops. CIE a* 
values weren't affected in DFD and normal chops. Higher CIE b* values were found 
in PSE chops. Irradiation affected CIE b* values for all quality of pork compared to 
control chops. 
pH values decreased during storage time for all samples. Longer storage time 
has lower pH values. This result may be caused by the growth of lactic acid bacteria 
during storage. There was no difference found for exudate. 
INTRODUCTION 
Irradiation as a method to preserve meat has an excellent potential to 
improve meat safety and extend shelf life. It is a well-known technology that can 
eliminate salmonella and trichinae in pork products. Products, treated with 
irradiation, offer benefits to consumers, retailers, and food manufactures for 
improving microbiological quality, and extended shelf life (ADA, 1996). But, it has 
been demonstrated that lactic acid bacteria, in general, are relatively resistant to 
irradiation injury compared with pathogens such as Staphylococcus aureus and 
some Enterobacteriaceae (Dickson and Maxcy, 1985). The bacterial genera most 
often associated with spoilage of fresh, refrigerated red meats stored under 
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conditions of oxygen availability, are Gram-negative organisms (Kraft, 1986a), which 
have been shown to be inhibited under conditions of reduced oxygen availability 
(Sutherland et al., 1975, Lee et al., 1984; Kraft, 1986b). Recent outbreaks, of food-
borne infections involving meat products has caused consumer concern about food 
safety. Consumer awareness of possible contamination with pathogens has 
increased. 'when combined with good manufacturing practices, irradiation can help 
assure the safety of meat products. The U.S. Food and Drug Administration (FDA) 
have authorized the implementation of irradiation in red meat. This authorization 
currently allows irradiation of fresh meat at a maximum dose of 4.5 kGy for 
refrigerated red meat and 7.0 kGy for frozen red meat (FDA, 1997; USDA, 1999). 
But irradiation-induced changes in chemical, physical, and sensory characteristics 
can vary depending on a number of factors such as the condition of the meat before 
irradiation, processing temperature, packaging material, packaging environment, 
absorbed dose, and post-irradiation storage period (Olson, 1998; Murano P., 1995; 
Champagne and Nawar, 1969). 
Mattison et al. ( 1986) found that there was no significant difference in TBA 
(thiobarbituric acid reactive substances) values, between irradiated ( 137 Cs) at 1 kGy 
and non-irradiated, vacuum-packaged pork loins, after 14 days of storage at 4°C. 
She observed that raw TBA values were low, for all the samples. Not only oxygen 
surrounding food but also oxygen within food product has a potential of being 
affected by irradiation, causing oxidation and producing off-flavors and discoloration 
(Lee et al., 1996). However, a significant difference was observed between 
irradiated and nonirradiated pork chops when aerobically packaged (Murano et al., 
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1995). Luchsinger et al. (1996) reported no differences between irradiated and 
control samples regardless of package type or irradiation source for both chilled and 
frozen boneless pork chops. Recent research has indicated that irradiation, in the 
presence of oxygen, increases lipid oxidation and discoloration in ground beef 
patties and pork chops (Zhao et al., 1996; Luchsinger et al., 1997; Lambert et al., 
1992b). 
The objective of this study was to determine the effects of electron beam 
irradiation-induced changes on microorganisms and quality characteristics of 
different qualities (PS.E, Normal, and DFD) pork chops. 
MATERIALS AND METHODS 
Sample preparation 
Pale soft exudative (PSE), dark-firm-dry (DFD) and normal qualities of fresh, 
trimmed boneless pork loins were obtained from a local meat packer. The loins were 
removed from carcasses 48 hours after slaughter. A pH meter was used in the 
processing lines to select different qualities of pork loins. The ranges of pH values 
used to select loins were for.PSE loins below 5.5, normal loins between 5.5 and 6.0 
were normal loins and DFD loins above pH 6.0. 
Pork loins were trimmed off all surface fat and sliced (1.5 cm thick) beginning 
at the ham end of the loins in the Meat Laboratory Iowa State University. Thirty-six 
pork chops per quality group were randomly assigned to each irradiation treatment. 
The pork samples were vacuum-packaged in the multi-layer film by a roll 
stock INTACT packaging machine (Model RM571, Koch Packaging Systems, 
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Kansas City, MO). The INTACT film had a 02 transmission rate of 2.5 cc/654.2 
cm2/24h at 1 atm and moisture transmission rate of 0.4 g/654.2 cm2/24h at 1 atm 
and moisture transmission rate of 0.4 g/654.2 cm2/24h at 90%RH (Koch Packaging 
Systems, Kansas City, MO). The chops were transferred to 0±4° C cooler for four 
different storage time (0, 2, 4, 6 weeks). Those vacuum-packed pork chops were 
irradiated at a dose of 3kGy and 5kGy then stored at 4°C for six weeks compared to 
that from similar, nonirradiated pork chops. Every two week pH, exudate, 
microorganism, lipid oxidation, and color measurement were measured for 
determining any irradiation-induced changes in color, microorganisms, pH, exudate, 
and lipid oxidation. 
Irradiation processing 
The Linear Accelerator Facility (LAF) at Iowa State University Meat 
Laboratory was used for irradiation. Chops were irradiated by a CIRCE IHR Electron 
Beam (EB) irradiator (Thomson-CSF Linac, St. Aubin, France) with an energy level 
of 1 O MeV, and a dose rate of 91.5 kGy/min. In order to maintain pork chops 
temperature, chops were transferred from the cooler to the LAF immediately before 
irradiation. Also the non-irradiated chops were exposed to the same ambient 
temperature as the treated chops. All chops were returned to the cooler after 
irradiation. Pork chops were placed in a single layer inside cardboard boxes and 
irradiated to the surface dose of 3.0 and 5.0 kGy by electron beam. Actual absorbed 
doses were measured by placing alanine pellets on both sides of a randomly 
selected chop. An Electron Paramagnetic Resonance (EPR) instrument was used to 
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determine the absorbed dose (Bruker Instruments Inc., Billerica, MA). The National 
Institute of Standards and Technology (NIST) calibrated the instrument with 
standards dosimeters provided. All chops were placed in cardboard boxes, stored at 
0±4° C cooler and every two weeks were measured of color, pH, TSARS arid 
microbial enumeration. 
Fat content 
The total fat content was determined by the Folch's extraction method (Folch 
et al., 1957). Using the result to understand the percentage of fat content for each 
quality pork chop. 
Color measurement 
All samples were left in their original packaging materials (INTACT film) for 
color measurements. Color measurements of the chops were conducted 
immediately after irradiation for 0 week. The color measurements of the chops were 
measured every two weeks for the duration of this study. L * (lightness), a* (redness), 
and b* (yellowness) color values were measured by using a Hunter LabScan 
Colorimeter (Hunter Laboratory, Inc., Reston, VA). The instrument was standardized 
before each use with a black tile and a white covered with a swatch of INTACT film. 
Values of the white standard tile were X=81.72, Y=86.80, and 2=91.46. Using 
illuminant A with 10 degree standard observer and 0.50 cm port for viewing area. 
Three random readings from three locations of each sample were obtained and 
averaged. 
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Lipid oxidation measurement 
TSARS (thiobarbituric acid reactive substances) values were used to describe 
the extent of lipid oxidation, these values were obtained by the modified method of 
Buege and Aust (1978). 5g samples were cut and minced into smell pieces from 
chops. Those samples were placed in 50ml test tubes, added 15ml of deionized 
distilled water (DOW) with 20µ1 BHT (butylated hydroxytoluene) solution were added 
and the slurry was homogenized using a homogenizor called Brinkman Polytron 
(Type PT 10/35, Westbury, NY) for 15s at speed 7-8. Four replications were taken 
for the nine different treatment and control chops. All 36 sample tubes were placed 
in a tray filled with ice during homogenizing to prevent the lipid preoxidation. All meat 
homogenates were vortexed, then 1 ml meat homogenate was transferred to a 
disposable test tube (13*100 mm) and 20µ1 BHT (butylated hydroxytoluene) and 
thiobarbituric acid/ trichloroacetic acid (TBA/TCA) solution were added. The mixtures 
were vortexed and then incubated in a boiling water bath for 15 minutes for color 
development. After the color development all samples were placed in ice water for 
10 minutes and centrifuged for 15 minutes at 3600 rpm at 4°C. Absorbance of the 
supernatant was measured at 532 nm against a blank containing 1 ml of DDWand 2 
m I of TBA/TCA solution with a Beckman spectrophotometer (Model DU450, 
Beckman Instruments, Inc., Fullerton, CA). The TSARS values were expressed as 
mg of malonaldehyde per kg of meat. Different quality chops were kept in vacuum 
packaging and used water bath to cook until the internal temperature of chops 
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attained 78°C then opened packaging and used the same method as raw chops for 
TSARS measurement. 
pH measurement 
pH values were measured by using the same meat homogenates used in the 
TSARS measurement. Fifteen milliliters of distilled water was added to each 50ml 
test tubes of meat homogenates then vortexed. The whole set samples were kept at 
4°C. Four values were attained by using a pH/ion meter (Accumet IE 925, Fisher 
Scientific) then averaged. 
Microbiological analyses 
On each sampling day, one chop from each treatment was aseptically 
removed from its package, and 10 cm2 of meat surface were swabbed using a 
sterile, 2 cm2 metal templates and sterile cotton swabs. The inoculated swabs were 
aseptically broken into a sterile, 99 ml of 0.1 % peptone water, which served as the 
diluent. The diluent was vigorously shaken to dislodge microorganisms from the 
cotton tips. Serial dilutions were prepared in accordance with standard methods. 
Total aerobic mesophilic and psychrotrophic bacteria were enumerated using 
trypticase soy agar (TSA, DIFCO) and incubating the inoculated plates at 30°C for 
48 hours and 5°C for 10 days, respectively. Enterobacteriaceae were enumerated by 
plating samples in TSA, allowing a 2 hours incubation at room temperature, 
overlaying the TSA with double strength violet red bile agar (VRB, DIFCO) and 
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incubating the inoculated plates at 37°C for 24 hours (Hartman et al., 1975). 
Anaerobic and facultative anaerobic microorganisms were enumerated in TSA 
containing 1 % soluble starch (Fisher Scientific, Fair Lawn, NY) and incubated at 
30°C for 48 hours under anaerobic conditions in anaerobic jars. Populations of 
lactobacilli were enumerated by using lactobacilli selective agar (LBS, DiFCO) and 
incubating plates at 30°C for 72 hours. Data obtained from plate counts were 
transformed into logarithms and all data were analyzed using the Statistical Analysis 
System (SAS Institute, 1988). 
Determination of exudate 
Exudate was determined by weighing the packaged pork chop, removing it 
from the package and weighing the package and remaining exudate. The weight of 
the package alone was subtracted from both values to obtain the weight of the pork 
chop and exudate, respectively. The amount of exudate as a percentage of meat 
weight was calculated by dividing the weight of the exuqate by the weight of the pork. 
chop plus exudate and multiplying the result by 100. 
Statistical analysis 
The experiment was designed primarily to determine effects of irradiation 
dose on lipid oxidation, pH, color, exudate and microbiological analyses during 
different storage time. Four replications were taken and each quality has four loins 
were used in one replication. Four samples for each experimental unit were taken for 
TSARS, pH, and color tests but only two measurements for microbiological analyses 
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and exudate. Results were analyzed using the General Linear Model of the 
Statistical Analyses System (SAS, 1990). The analysis of variance (ANOVA) 
procedure was used to detect significance of replications, dose, storage time, meat 
qualities, quality by dose, quality by storage time, dose by storage and dose by 
storage by quality. The Student-Newman-Keuls multiple range test was used to 
compare differences among mean values. Least square means and standard errors 
of mean (SEM) were reported when necessary. An alpha level of P::;;0.05 was used 
to determine significance. 
RESULTS AND DISCUSSION 
TBARS values 
For lipid oxidation, the TBARS values were affected by meat quality, 
irradiation dose and storage time. Figure 1 presents TBARS values of different 
quality meat with different irradiation doses throughout storage time. Under vacuum-
packaged at O kGy dose, TBARS values of PSE samples had higher TBARS values 
(Figure 1: A) than DFD and normal samples. The TBARS values of all control 
samples from DFD, PSE and normal meat did not significantly change during 
storage time (Figure 1: A, B, C) were regardless of irradiation dose and meat quality, 
TBARS values decreased at 2 weeks storage and increased after 2 weeks. Also the 
PSE samples were found to decrease slightly during the first 2 weeks of storage 
then increased after 2 weeks of storage, but the SkGy irradiated samples decreased 
slightly after 4 weeks storage. Lebepe et al. (1990) found no change in TBA values 
in vacuum-packaged pork irradiated at 3.0 kGy for the first 27 days of refrigerated 
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storage after that values of irradiated samples increased slowly, while controls 
decreased after 34 days and they suggested that malonaldehyde, used to measure 
lipid oxidation was metabolized by spoilage bacteria in the unirradiated control, 
decreasing the TBARS values. Unlike raw meat, the TBARS values of cooked pork 
chops for different quality meat showed that irradiation, prior to cooking,· did not 
increase TBARS of different quality cooked pork chops at all storage times (Table 1) 
when compared to control samples (0kGy). And it was found the TBARS values did 
not consistent change for all samples during storage time, two factors may explain 
this. The different quality pork chops were kept in vacuum packaging and cooked by 
water bath until the center temperature attained 78°C, then cooled, and opened 
items for TBARS test. There was no chance for the samples to be exposed to air 
before they were opened. Only during sampling for TBARS test, were the cooked 
samples exposed to air and the exposure time was very short. Longer explosure 
time to air would have caused lipid oxidation to occur more rapidly. This could be 
explained by the report of Ahn et al., (1998b) who observed that oxygen exclusion 
from meat after cooking was more important in preventing lipid oxidation of cooked 
meat than oxygen exclusion raw meat. 
The other explanation could be the handling of raw chops. Ahn et al. (1996) it 
was reported that the initial oxidation status of cooked meat was determined by the 
degree of lipid oxidation in raw meat before cooking. The significant amounts of 
primary and secondary lipid oxidation by-products which influenced TSARS of 
cooked meat had formed in raw meat during storage time before cooking. So they 
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concluded that the baseline lipid oxidation status of raw meat was very important to 
the progression of lipid oxidation in cooked meat. 
Hence, the TBARS values of cooked chops in this study was found to be 
influenced less by the cooking process than by subsequent oxygen contact with 
cooked pork chops during sampling process. 
The total fat content of raw meat is one of important factors related to lipid 
oxidation during storage time was studied by many researchers. (Pikul et al., 1984, 
Buckleyet et al., 1989, and Ahn et al., 1995, 1996). Ahn et al. (1995, 1996) reported 
that fat content and the composition of fatty acids in the lipid of meat patties was 
very important in determining the development of lipid oxidation of aerobic-packaged 
broiler and pork loins during storage. The total fat contents of PSE, normal and DFD 
pork chops were 2.07-2.57%, 1.24-2.36% and 1.02-1.62% respectively. No 
significant differences were found between fat content and TBARS in these different 
quality chops under vacuum packaging. So oxygen exposure appears to be a very 
important factor in catalyzing lipid oxidation of raw chops during storage time. 
Color measurement 
CIE L*, b* and a* were used to measure color changes for the control and 
irradiated pork chops and compared by irradiation dose during storage time with 
different quality meat (Figure 2, 3, 4). Meat quality is one of the factors affecting CIE 
L *, b* and a* values. DFD chops were significantly darker than PSE and normal 
chops at all storage time (Figure 2: A, B, C), but there was no difference between 
the 3 and 5 kGy chops the lightness of the chops changed slightly during storage 
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time for all different quality meat and irradiation doses. CIE L * values were stable 
(P>0.05) throughout storage time for vacuum-packaged DFD, normal and PSE pork 
chops. Irradiation doses (3, 5 kGy) did not affect CIE L * values on normal and DFD 
pork chops (Figure 2: B, C). But in PSE samples when the dose increased, CIE L * 
values increased compared to the unirradiated controls (Figure 2: A). 
Redness was not affected by meat quality but irradiation dose increased CIE a* 
values. Pork chops irradiated at 3 kGy had higher CIE a* values than unirradiated 
controls (Figure 3: A, B, C). These results is different from Luchsinger et al. (1996) 
who reported that a* values of MAP (modified atmosphere packaging) pork chops 
were not different after irradiation but confirmed Nanke ( 1998) who reported the 
redness values for pork chops were affected as a result of irradiation and the CIE a* 
· values of pork chops increased when irradiated at 1.5 kGy and 3 kGy. Under 5kGy 
irradiation for all different quality chops found the same results that higher dose had 
higher CIE a* values in this study were different from Nanke (1998) who reported 
that a* values increased but lower than the unirradiated control when the pork chops 
irradiated at 4.5 kGy. CIE a* values of PSE and DFD increased slightly at first 2 
weeks storage and decreased slowly after 2 weeks storage but after 4 weeks they 
increased again (Figure 3: A, C). Unlike PSE and DFD samples, the CIE a* values of 
normal samples decreased slightly at first 4 weeks and increased slowly after 4 
weeks storage. For the control samples, PSE chops had high a* values butafter 
irradiation DFD had higher CIE a* values. Under irradiation, DFD and normal chops 
at 3kGy the CIE a* values changed very consistently. The values decreased slowly 
at first 4 weeks then increased after 4 weeks but PSE samples increased fast at first 
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2 weeks storage and decreased fast after 2 weeks then after 4 weeks they 
increased again. 
Higher CIE b* values were found in PSE samples when compared to DFD and 
normal samples (Figure 4: A, 8, C). Irradiation caused the yellowness change for all 
types of samples compared to control samples. The yellowness increased during 
storage time. Yellowness of PSE samples at 3 and 5 kGy (Figure 4) increased 
slightly during storage time but the control samples increased at the first 2 weeks 
and decreased slowly after that. Also the control samples of PSE chops had highest 
CIE b* when compared to the same quality chops irradiated at 3, 5 kGy (Figure 4: 
A). Unlike PSE samples the CIE b* values of DFD and normal chops slightly 
increased during the first 2 weeks and decreased after that, after 4 weeks they 
increased again (Figure 4: 8, C). These results confirmed Nanke (1998) who 
reported the CIE b* values for pork responded similarly as CIE a* values to 
increasing doses levels. 
pH measurement and exudate 
Qualities and storage time affected the pH values (ps0.05)(Table 1 ). There 
was no significant difference between irradiation and pH values (p:2:0.05). In this 
study pH value changes were influence by replications and storage time. Longer 
storage time has lower pH values. This result may be caused by the growth of lactic 
acid bacteria during storage. From the microbiological analyses data, lactobacilli was 
found in both control and 3kGy irradiated samples (Table 3, 4, 5). For exudate, some 
researchers have reported that irradiation increased drip loss (Smith 1978), 
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especially in pork (Lambert et al., 1992b; Zhao et al., 1996). However in this study 
the exudate was not affected (P>0.05) by dose level, and was only related to the 
quality of meat (Table 1 ). 
Microbiological analyses 
Meat is a good medium for bacteria growth. In this study the growth of five 
groups of microorganisms was determined for each meat type. Five bacterial groups 
(mesophiles, psychrotrophs, enterobacteriaceae, lactobacilli, anaerobes and 
facultative anaerobes) were determined in the study. The populations (colony 
forming counts, CFU/cm2) for five kinds of bacteria on different quality pork chops 
were significantly (p< 0.05) higher in unirradiated pork when compared to irradiated 
chops (Tables 2, 3, 4). The use of different quality meat provided different pH 
conditions for bacteria growth. pH is an important factor that controls microbial 
growth. Kraft (1986) reported that most bacteria have an optimum growth pH near 
7.0, and as the pH becomes higher or lower the types of bacteria that can grow 
become more limited. The pH range for microbial growth in meat is approximately 
5.0 to 8.0. The pH range of PSE, normal and DFD pork chops were shown in table 
1. Initial populations of mesophiles, psychrotrophs, enterobacteriaceae, lactic acid 
bacteria and facultative anaerobes on PSE, normal and DFD pork chops were less 
than 2 logs per cm2. This relatively low initial population of microorganisms on the 
pork indicated that the product was of very good microbial quality. These low counts 
also contributed to very low or undetected numbers of survivors after irradiation. 
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Ehioba et al. (1987) showed that irradiation (1 kGy) of vacuum-packed ground pork 
greatly reduced the number of mesophilic, psychrotrophic, anaerobic and aerobic 
facultative bacteria. Populations of mesophiles, psychrotrophs, enterobacteriaceae, 
lactic acid bacteria and facultative anaerobes on unirradiated PSE pork chops 
increased to greater than 6 logs per cm2 at 6 weeks of storage (Table 2). But 
populations of t~ose same groups of microorganisms on normal and DFD pork 
exceeded 6 logs per cm2 at 4 weeks of storage (Table 3, 4). Grau (1980, 1981) 
reported that muscle was in exudate of pH< 5.8, anaerobic growth of the facultatively 
anaerobic microoganisms and B. thermosphacta are totally inhibited. This was 
confirmed in this study by the observation of the anaerobic and facultative anaerobic 
microorganisms couldn't grow well in PSE samples. Irradiation of PSE, normal or 
DFD pork at 3 kGy reduced population of all 5 group of organisms to undetectable 
levels(< 10 CFU/ cm2) (Table 2, 3, 4). None of those 5 groups of microorganisms 
was detected on irradiated (3 kGy) PSE pork throughout 6 weeks of storage (Table 
2). Populations of mesophiles, lactic acid bacteria and facultative anaerobes ranging 
from 1.13 to 1.20 CFU/ cm2 on normal pork irradiated at 3 kGy were first detected at · 
6 weeks of storage. Irradiation of PSE, or DFD pork at 5 kGy reduced populations of 
all 5 groups of microorganisms to undetectable level(< 10CFU/ cm2). Relatively low 
numbers of mesophiles (0.35 logs per cm2) and facultative anaerobes (0.51 logs per 
cm2) were detected on normal pork at 6 weeks of storage (Table 3). 
Dogbevi (1998) reported mesophiles were more resistant to irradiation 
treatment than psychrotrophs was confirmed in the present study. Psychrotrophic 
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organisms represent the main group of organisms that spoil refrigerated fresh meat. 
Populations of this group of organisms were reduced to undetectable levels in PSE, 
normal and DFD pork irradiated at 3 and 5 kGy except for very low numbers (0.6 
CFU/ cm2) detected on DFD pork irradiated at 3 kGy and stored at 2-4°C for 4 
weeks. Elimination of these organisms is important for extending the microbial shelf 
life of pork. pH values decreased throughout storage time for all treatments were 
found in pH measurement over time. Because the lactic acid bacteria grow faster 
after low-dose irradiation in refrigerated meat under anaerobic packaging 
environment. Populations of Enterobacteriaceae on unirradiated PSE, normal, and 
DFD pork were 3.94, 6.34 and 6.56 logs per cm2, respectively, at 6 weeks (Table 2, 
3, 4). But the populations of Enterobacteriaceae were reduced to undetectable levels 
in irradiated pork and remained undetected during the 6 weeks of storage. 
Enterobacteriaceae consists of gram-negative bacteria, which are more susceptible 
to irradiation than gram-positive bacteria such as the lactic acid bacteria. This group 
of organisms includes many pathogens for example Salmonella spp, and 
Escherichia coli. Therefore the destruction of this group of organisms by irradiation 
doses used in this study is important for improving the microbial safety of pork 
quality. 
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Summary 
Vacuum-packaging in combination with irradiation (3 or 5kGy) extended the 
storage time of different quality pork chops up to 6 weeks with minimal effects on 
color and oxidation and significantly reduced bacterial counts when compared to 
control samples. Lipid oxidation and discoloration were truly affected by irradiation. 
Higher doses irradiation caused higher lipid oxidation and undesirable color 
changes. PSE meat has low pH values, high exduate and pale color, after irradiation 
the highest lipid oxidation and worse color compared to DFD and normal meat. 
Unlike PSE meat, DFD and normal meat had better color and less lipid oxidation. 
Lactic acid bacteria grow faster after low-dose irradiation in refrigerated meat under 
anaerobic packaging environment and found more survivors of this group were 
found in DFD meat. Irradiation at the dose of 3.0 kGy did not eliminate 
psychrotrophs, lactobacilli and anaerobic and facultative anaerobic microorganisms 
well specially in DFD samples, but reduced their numbers and slowed subsequent 
growth during six weeks storage time. However, vacuum-package combined with 
irradiation prolonged the shelf life of meat very well but the relationship between 
different quality meat and irradiation effects still requires further study. 
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Figure 1 TSARS values of different quality pork chops 
irradiated at 3 or 5 kGy and stored at 2-4°C for 6 
weeks 
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Figure 2 CIE L * values of different quality pork chops 
irradiated at 3 or 5 kGy and stored at 2-4°C for 6 
weeks 
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Figure 3 CIE a* values of different quality pork chops 
irradiated at 3 or 5 kGy and stored at 2-4°C for 6 
weeks 
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Figure 4 CIE b* varues of different quality pork chops 
irradiated at 3 or 5 kGy and stored at 2-4°C for 6 weeks 
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Table 1 Selected characteristics of pork chops for the comparisons of 
different type of pork chops, irradiation doses and storage time at 4°C 
Weeks 
Meat Source Dose 0 2 4 6 SEMe 
Quality 
0kGy 0.64 0.66 0.56 0.36 0.11 
TBARSf 3kGy 0.69 0.49 0.46 0.50 0.09 
5kGy 0.55 0.49 0.55 0.53 0.06 
PSE 0kGy 5.41 8 5.278b 4_99b 4_99b 0.09 
pH 3kGy 5:32 5.38 5.10 4.97 0.12 
5kGy 5.258b 5.468 5.01bc 4_95c 0.06 
0kGy 2.198b 8.838 1.13b 3.148b 1.24 
Exudateh 3kGy 3.00 3.80 5.69 5.93 3.16 
5kGy 2.17 3.31 3.39 3.25 0.85 
0kGy 0.84 0.83 0.85 0.34 0.18 
TBARSf 3kGy 0.60 0.87 0.80 0.55 0.16 
5kGy 0.32b 0.71 8b 1.048 0.44b 0.10 
Normal 0kGy 5.69 5.75 5.55 5.51 0.10 
pH 3kGy 5.658b 5.788 5_54ab 5.44b 0.07 
5kGy 5.698b 5.728 5.46c 5.49bc 0.05 
0kGy 1.90 2.35 2.40 3.32 1.07 
Exudateh 3kGy 1.70 2.60 3.00 3.66 1.41 
5kGy 2.45 3.25 4.20 3.91 0.98 
0kGy 0.78 0.71 0.81 0.25 0.18 
TBARSf 3kGy 0.60 0.69 0.64 0.47 0.12 
5kGy 0.31 0.56 0.64 0.45 0.10 
0kGy 6.08 6.11 5.95 5.96 0.12 
DFD pH 3kGy 6.08ab 6.248 5_95ab 5.85b 0.09 
5kGy 6.13 6.09 5.85 5.8.0 0.08 
0kGy 0.51 1.71 4.16 1.71 1.12 
Exudate 3kGy 0.68 3.81 1.95 4.19 0.70 
5kGy 1.36 2.83 1.83 1.99 0.88 
a-c Least square mean values within the same row with differeent 
superscripts are different (P<0.05). 
e Standard error of least square means. 
f TBARS values for cooked pork chops. 
h Two replications. 
Table 2 Microbial counts (log10 CFU/cm2) for PSEX pork chops over time 
Time Mesa Psy Enter Lact Anaero 
(Weeks) 0kGy 3kGy 5kGy 0kGy 3kGy 5kGy 0kGy 3kGy 5kGy 0kGy 3kGy 5kGy 0kGy 3kGy 5kGy 
0 1.42 <1 <1 <1b <1 
2 1.75 <1 <1 1.758b <1 
4 2.93 <1 <1 3.45ab <1 
6 6.59 <1 <1 6.358 <1 
* SEM 1.51 1.05 
X Pale, Soft, Exudative. 
*Standard Error of Least Square Means. 
<1 Means the undetectable level 
<1 <1 <1 <1 0.74 <1 <1 0.35 <1 
<1 0.55 <1 <1 1.02 <1 <1 1.65 <1 
<1 2.74 <1 <1 2.81 <1 <1 3.12 <1 
<1 3.94 <1 <1 6.35 <1 <1 6.29 <1 
2.02 1.57 1.62 
a-b Least square mean values within the same column with different superscripts are different {P<0.05) 
<1 
<1 
<1 
<1 
......i 
"' 
Table 3 Microbial counts (log10 CFU/cm2) for Normal pork chops over time 
Time Meso Psy Enter Lact An aero 
(Weeks} 0kGy 3kGy 5kGy 0kGy 3kGy 5kGy 0kGy 3kGy 5kGy 0kGy 3kGy 5kGy 0kGy 3kGy 5kGy 
0 1.63b <1 <1 1.39 <1 <1 <1 b <1 <1 0.96b <1 <1 <1 <1 <1 
2 3.328b <1 <1 2.58 <1 <1 2.888b <1 <1 3.788b <1 <1 2.69 <1 <1 
4 6.798b <1 <1 6.49 <1 <1 · 6.588 <1 <1 6.778 <1 <1 6.79 <1 <1 
6 6.768 1.13 0.51 6.52 <1 <1 6.348 <1 <1 6.708 1.17 <1 6.74 1.20 0.35 
SEM* 0.89 0.56 0.25 1.31 0.67 0.93 0.58 1.36 0.59 0.17 
*Standard Error of Least Square Means. 
<1 Means the undetectable level 
a-b Least square mean values within the same column with different superscripts are different (P<0.05} 
-...J w 
Table 4 Microbial counts (log10 CFU/cm2) for DFDX pork chops over time 
Time Meso Psy Enter Lact An aero 
(Weeks) 0kGy 3kGy 5kGy 0kGy 3kGy 5kGy 0kGy 3kGy 5kGy 0kGy 3kGy 5kGy 0kGy 3kGy 5kGy 
0 1.90b <1 <1 1.90b . <1 <1 1.02b <1 <1 1.72b <1 <1 o.88b <1 <1 
2 5.91 8 <1 <1 5.988 <1 <1 4.74ab <1 <1 3.408b <1 <1 · 5.478 0.60 <1 
4 6.878 <1 <1 6.738 0.60 <1 5.77a <1 <1 • 6.768 0.60 <1 6.81 8 0.66 <1 
6 6.988 <1 <1 6.928 <1 <1 6.56a <1 <1 6.71 8 <1 <1 
SEM* 0.52 0.48 0.29 0.65 0. 76 0.29 
X Dark, Firm, Dry pork. 
*Standard Error of Least Square Means. 
<1 Means the undetectable level 
6.968 <1 
0.52 0.44 
3-b Least square mean values within the same column with different superscripts are different (P<0.05) 
<1 
...._. 
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CHAPTER 4. CONCLUSIONS 
Vacuum-packaging in combination with irradiation (3 or SkGy) extended the 
storage time of diffetent quality pork chops up to 6 weeks with minimal effects on 
color and oxidation, and significantly reduced bacterial counts when compared to 
control samples. Lipid oxidation and discoloration were truly affected by irradiation. 
Higher doses irradiation caused higher lipid oxidation and undesirable color 
changes. Many researchers have studied these changes and many reports confirm 
these results but meat quality seems a very important factor related to those effects 
in this study. PSE meat has low pH values, high exduation and pale color, after 
irradiation the highest lipid oxidation and worse color compared to DFD and normal 
meat. Unlike PSE meat, DFD and normal meat had better color and less lipid 
oxidation. But from another side, DFD meat showed good appearance ( color) for 
customer appeal but it also provides a good environment for bacteria to grow when 
compared to PSE meat. Lactic acid bacteria grow faster after low-dose irradiation in 
refrigerated meat under anaerobic packaging environment and more survivors of this 
group were found in DFD meat. Irradiation at the dose of 3.0 kGy did not eliminate 
psychrotrophs, factobacilli and anaerobic and facultative anaerobic microorganisms 
well especially in DFD samples, but reduced their numbers and slowed subsequent 
growth during six weeks storage time. Vacuum packaging combined with irradiation 
prolonged the shelf life of meat very well, but the relationship between different 
quality meat and irradiation effects still requires further study. 
I 
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